M
icroarray studies using postmortem brains have become particularly valuable in profiling gene expression patterns related to psychiatric disorders of unknown etiology (Bahn et al 2001; Bunney et al 2003; Hakak et al 2001; Mirnics et al 2001; Van Deerlin et al 2002) . In studies using postmortem brain tissue, the variability of ribonucleic acid (RNA) integrity has been a major concern. There have been two major factors that affect RNA integrity in gene expression studies using postmortem brain: 1) agonal factors, defined as specific agonal conditions at the time of death and agonal duration; and 2) postmortem factors, defined as the condition of the postmortem brain tissue after death, including the delay between death and the time the tissue is frozen (postmortem interval [PMI] ) and the duration the brain tissue is stored in a freezer (freezer interval [FI] ). Prior studies have indicated that agonal factors markedly affect the integrity of RNA, whereas postmortem factors have relatively small effects on RNA integrity (Bahn et al 2001; Barton et al 1993; Gilmore et al 1993; Harrison et al 1995; Johnson et al 1986; Kingsbury et al 1995; Leonard et al 1993; Perrett et al 1988; Ravid et al 1992; Van Deerlin et al 2002) . However, because messenger (m)RNAs have been shown to vary in their vulnerability to agonal factors (Barton et al 1993; Burke et al 1991; Harrison et al 1994 Harrison et al , 1995 , attention should be drawn to the limitation of previous postmortem studies in this area, in which investigators have only analyzed restricted numbers of transcripts. Expression data for thousands of genes obtained by microarray technology facilitate a comprehensive evaluation of the integrity of RNA samples.
In this article, we discuss issues concerning evaluation of agonal and postmortem factors and RNA integrity in microarray study of postmortem brains. The hypothesis raised in the present study was that agonal factors adversely affect integrity of mRNAs and influence microarray expression profiles more than the postmortem factor or other biological factors, such as gender, age, or diagnosis of psychiatric disorder. The hypothesis was tested with 40 well-characterized postmortem brains. We show that agonal factors and RNA integrity can be evaluated by correlation of expression profiles between microarrays. A tool, the Average Correlation Index (ACI), is presented to evaluate the agonal factor and RNA integrity on the basis of the similarity of gene expression profiles for each microarray among a total set of microarray data.
Evaluation of Agonal and Postmortem Factors
Specific agonal conditions, including coma, hypoxia, pyrexia, seizures, dehydration, hypoglycemia, multiple organ failure, head injury, and ingestion of neurotoxic substances at time of death have been evaluated with regard to influences on brain acidosis and RNA integrity in postmortem brain tissues (Barton et al 1993; Harrison et al 1991a Harrison et al , 1991b Harrison et al , 1994 Harrison et al , 1995 Hynd et al 2003; Johnston et al 1997; Miller et al 1990; Morrison-Bogorad et al 1995; Roberge and Krenzelok 2001; Yokota et al 2000) . The combination of these specific agonal conditions and the duration of the agonal phase, which might adversely affect RNA integrity in postmortem brain tissue (Barton et al 1993; Hardy et al 1985; Harrison et al 1991a; Johnston et al 1997; Wester et al 1985) , are referred to as agonal factors. At the University of California, Irvine Brain Repository (UCIBR), an extensive review of multiple resources was conducted, including the medical examiner's conclusions, coroner's investigation, medical records, toxicology results, and interviews of the decedents' next-of-kin, to obtain information concerning agonal and postmortem factors before the microarray experiments. Each variable for the specific agonal condition (coma, hypoxia, pyrexia, seizures, dehydration, hypoglycemia, multiple organ failure, head injury, and ingestion of neurotoxic substances) was scored as absent (0) or present (1). Agonal duration was separately rated from 1 to 4 according to an agonal duration rating scale by Hardy et al (1985) . 4-point scale was further refined in this study. The four categories were 1) violent and fast death: deaths due to accident, blunt force trauma, or suicide; terminal phase estimated at less than 10 min; 2) fast death of natural causes: sudden unexpected deaths of people who had been reasonably healthy, after a terminal phase estimated at less than 1 hour. The modal cause of death in this group was myocardial infarction; 3) intermediate death: death after a terminal phase of between 1 and 24 hours; and 4) slow death: death after long illness, with a terminal phase longer than 1 day. Typically, patients in category 4 died of cancer or chronic pulmonary disease. Agonal duration classifications were subsequently recoded to denote the absence or presence of prolonged death. As such, violent deaths and fast deaths of natural causes were considered rapid (0), and intermediate and slow deaths were considered prolonged (1). The scores for these specific agonal conditions and agonal duration were summed to provide an agonal factor score (AFS) for each decedent.
Evaluation of Brain Tissue pH
Analyses of postmortem human brain have shown that brain tissue pH is decreased by prolonged death and hypoxia Kingsbury et al 1995) , whereas brain tissue pH remains stable postmortem (Kingsbury et al 1995) . Brain tissue pH has been shown to be unaffected during freezer storage and is remarkably consistent across different brain regions (Johnston et al 1997) . Animal studies have suggested that there might be a rapid drop of the brain tissue pH within 10 min after death Ravid et al 1992; Swaab and Boer 1972) , and after this rapid decline, the brain tissue pH might be stable for 24 -36 hours (Johnston et al 1997; Kingsbury et al 1995; Ravid et al 1992; Trotter et al 2002) . Thus, brain tissue pH has been evaluated as an indicator for agonal status and as a crude but reliable indicator of RNA integrity (Bahn et al 2001; Harrison et al 1995; Johnston et al 1997; Kingsbury et al 1995) . In the UCIBR, brain tissue pH was measured with the following procedures. A piece of tissue (50 -100 mg) from a frozen cerebellar cortical slice was mixed with 1.0-mm glass beads (BioSpec Products, Bartlesville, Oklahoma) to form a 10% (wt/vol) solution in distilled deionized water and homogenized with Bead-Beater (BioSpec Products) for 60 sec at 4°C. After centrifugation at 5000 rpm for 2 min at 4°C, the homogenate was warmed quickly to room temperature, and the pH was measured with a pH meter (Corning, Cypress, California) calibrated with three standards (pH 4, 7, and 10). The pH protocol showed reproducibility of the same samples measured on different days within .1 pH units.
Evaluation of RNA Integrity
Integrity of total RNA has been evaluated with quantity of extractable total RNA or quantification of 18S and/or 28S ribosomal RNA, the most abundant transcripts in total RNA involved with the construction of subunits of the ribosome (Bahn et al 2001; Johnson et al 1986; Pardue et al 1994) . Total amount of polyadenylated mRNA, which constitutes 3%-5% of total RNA, has been determined by hybridization with a poly-deoxyuridine triphosphate (dUTP) probe (Harrison et al 1991b) , and biological activity of mRNA has been evaluated by efficiencies of in vitro translation and peptide synthesis (Johnson et al 1986; Leonard et al 1993; Perrett et al 1988) . Also, integrity of specific mRNA has been evaluated by Northern blot hybridization (Johnson et al 1986; Kingsbury et al 1995; Leonard et al 1993; Pardue et al 1994) , quantitative in situ hybridization (Gilmore et al 1993; Harrison et al 1991b; Kingsbury et al 1995; Pardue et al 1994) , or quantitative reverse transcriptase polymerase chain reaction (Bahn et al 2001; Burke et al 1991; Johnston et al 1997; Leonard et al 1993) . Several RNA integrity indicators based on Affymetrix GeneChip (Affymetrix, Santa Clara, California) microarray data are available. The percentage of the total number of probe sets detected as present on the array (percent present call) and the ratio of signal intensities for probe sets designed in 3Ј and 5Ј end regions of the housekeeping genes glyceraldehyde phosphate dehydrogenase (GAPDH) and ␤ actin (ACTB) can be obtained with MAS 5.0 software (Affymetrix). Also, the coefficient of the RNA degradation slope from 5Ј to 3Ј ends of the average probe intensities (degradation slope) can be calculated with the R-statistical program AffyRNAdeg (Affy version 2.0), available at http://www.bioconductor.org/. As RNA samples are degraded, it is expected that both the percent (18Sϩ28S) and the percent present call are decreased. The 3Ј/5Ј ratios for GAPDH and ACTB and the "degradation slope" are both found to increase in samples with RNA degradation."
Agonal Factors Decrease Brain Tissue pH and Affect

RNA Integrity Indicators
The effects of agonal and postmortem factors on brain tissue pH, RNA integrity indicators, and global gene expression profiles in microarray experiments were analyzed in 40 postmortem brains. All postmortem brain tissues were obtained after informed consent had been received, under an institutional review board-approved protocol, "Organ Donation and Release of Medical Information." The cohort consisted of 9 subjects with bipolar disorder type I (BPD), 11 with major depressive disorder (MDD), and 20 control subjects between the ages of 18 and 73 years (mean 52.4, SD 16.0); 28 subjects were male and 12 were female. The PMI ranged from 6.5 to 41.3 hours (mean 22.6, SD 7.14), FI ranged from 3 to 112 months (mean 38.1, SD 25.3), and the brain tissue pH ranged from 6.06 to 7.20 (mean 6.79, SD .28). There were 24 subjects who died rapidly without any specific agonal conditions (AFS ϭ 0), whereas the remaining 16 had prolonged deaths and/or the specific agonal conditions (AFS Ն 1). The details for each subject are shown in Table 1 (AFS ϭ 0 for subjects 1-24; AFS Ն 1 for subjects 25-40). Total RNA was extracted from anterior cingulate cortex, dorsolateral prefrontal cortex, and cerebellum of the 40 postmortem brains with Trizol (Invitrogen, Carlsbad, California) and purified with silica-based mini-spin columns (Qiagen RNeasy Mini Kit, Valencia, California). Ten micrograms of each purified total RNA sample was applied on an Affymetrix U95Av2 GeneChip. Each microarray experiment was carried out twice independently as experimental duplicates. In total, 240 GeneChips (2 GeneChips ϫ 3 brain regions ϫ 40 cases) were analyzed in this experiment. The procedures for the microarray experiments are described in detail elsewhere .
In this study, the percentage of 18S and 28S ribosomal RNA to total RNA [percent(18Sϩ28S)] was used as an indicator of RNA integrity, as were the 3Ј/5Ј ratios for GAPDH, the percent present call on the Affymetrix microarray provided by MAS 5.0, and the "degradation slope" calculated by AffyRNAdeg. For the quantification of 18S and 28S ribosomal RNA, 1 g of each RNA sample was applied to a 2100 Bioanalyzer (Agilent, Palo Alto, California). The RNA integrity indicators were averaged across three brain regions.
The group of 16 subjects with AFS of 1 or more showed significant decreases in brain tissue pH (p Ͻ .001), the percent (18Sϩ28S) (p Ͻ .01), and the percent present call (p Ͻ .005) compared with the group of 24 subjects with AFS of 0, by Student t test. Also, the group with AFS of 1 or more showed significant increases in the 3Ј/5Ј ratios for GAPDH (p Ͻ .005) and the "degradation slope" (p Ͻ .001) compared with the group with AFS of 0. The correlations of brain tissue pH with the percent (18Sϩ28S) (r ϭ .54, p Ͻ .001) and the percent present call (r ϭ H. Tomita et al BIOL PSYCHIATRY 2004; 55:346 -352 347 www.elsevier.com/locate/biopsych .54, p Ͻ .001) were both highly significant. Also, brain tissue pH showed significant negative correlations with the 3Ј/5Ј ratios for GAPDH (r ϭ Ϫ.71, p Ͻ .001) and the "degradation slope" (r ϭ Ϫ.57, p Ͻ .001). In contrast to agonal factors, the postmortem interval showed no significant correlation with brain tissue pH (r ϭ .04, p Ͼ .1), percent (18Sϩ28S) (r ϭ .05, p Ͼ .1), percent present call (r ϭ .05, p Ͼ .1), 3Ј/5Ј ratios for GAPDH (r ϭ .02, p Ͼ .1), and the "degradation slope" (r ϭ .1, p Ͼ .1). The data are consistent with previous reports that agonal factors decrease brain tissue pH and facilitate RNA degradation (Bahn et al 2001; Barton et al 1993; Gilmore et al 1993; Hardy et al 1985; Harrison et al 1995; Johnson et al 1986; Johnston et al 1997; Kingsbury et al 1995; Leonard et al 1993; Perrett et al 1988; Ravid et al 1992; Van Deerlin et al 2002) .
Agonal Factors Have a Major Impact on Gene Expression Profiles in Microarrays
To evaluate the effects of agonal and postmortem factors on global gene expression profiles in microarray studies of psychi- The table displays information regarding gender, age, diagnosis, and agonal and postmortem factors. Ratings of the absence (0) or presence (1) of prolonged death, coma, hypoxia, pyrexia, seizures, dehydration, hypoglycemia, multiple organ failure, head injury, and ingestion of neurotoxic substances at time of death are summarized. There are no instances of severe dehydration, seizure or hypoglycemia in the 40 subjects. Variables of prolonged death and specific agonal conditions were summed to provide an agonal factor score (AFS) for each decedent. Twenty-four subjects had rapid deaths with no evidence of the specific agonal conditions (AFS ϭ 0), and 16 subjects had an AFS of at least 1. A line is drawn between the top 24 subjects with an AFS of 0 and the bottom 16 subjects with an AFS of 1 or more.
PD, prolonged death; MOF, multiple organ failure; HI, severe head injury; NS, ingestion of neurotoxic substances; AFS, agonal factor score; PMI, postmortem interval; FI, freezer interval; M, male; F, female; BPD, bipolar disorder; MDD, major depressive disorder.
atric disorders, the 240 GeneChips were analyzed. Signal intensities of 12,625 probe sets on each GeneChip were extracted with MAS 5.0. After the consistency between each of the experimental duplicates was confirmed, signal intensities of the experimental duplicates were averaged. Pearson's correlation coefficient of the 12,625 probe sets between samples was calculated among 40 subjects, which resulted in 780 correlation coefficients for each brain region. As an example, data based on 40 arrays for anterior cingulate cortex are shown in Figure 1 . The matrix in Figure 1A summarizes 780 correlation coefficients for anterior cingulate cortex with three color codes (white, r Ͼ .94; gray, .9 Ͻ r Ͻ .94; and black, r Ͻ .9). The matrix is symmetrical around the diagonal line. Almost all of the 24 subjects with an AFS of 0 are highly correlated (r Ͼ .94) with each other, regardless of mood disorder diagnoses. The 16 subjects with an AFS of 1 or more show lower correlations (r Ͻ .9) with most of the other subjects. The distribution of the correlation coefficient among the 24 subjects with an AFS of 0, and the ones between the 16 subjects with an AFS of 1 or more and all 40 subjects are summarized in Figure 1B . There is a broad dispersion of correlations among subjects with an AFS of 1 or more, as shown in the range of correlations extending to .72. The mean correlation among subjects with an AFS of 0 was .968 (SD .014), whereas the correlation between subjects with an AFS of 1 or more and subjects with an AFS of 0 or subjects with an AFS of 1 or more were lower (mean .886; SD .055). To compare the correlation coefficients (r) between a group comprising only subjects with an AFS of 0 and a group including subjects with an AFS of 1 or more, correlation coefficients were converted to Z r (.5 ϫ log e [(1 ϩ r)/(1 Ϫ r)] with Fisher Z transformation to fit a normal distribution. The transformed correlation coefficients (Z r ) for each group were compared by Student t test. A group including subjects with an AFS of 1 or more showed significantly lower correlation coefficients than a group comprising only subjects with an AFS of 0 (p Ͻ .0001).
Because gender and age affect gene expression in the brain (Lee et al 2000; Vawter et al 2003) , these factors should also be taken into account in microarray studies of psychiatric disorders. For example, Y-chromosomal genes, including DBY, SMCY, UTY, and RPS4Y, were expressed only in male tissues, consistent with prior findings ; however, gender and age seem to have less influence on overall gene expression profiles, compared with agonal factors. Among the 24 subjects with an AFS of 0, correlation coefficients between subjects were consistently high regardless of gender, age, and diagnoses of BPD or MDD. For example, 20 male subjects are highly correlated with four female subjects (averaged r ϭ .968; SD ϭ .014). Four subjects younger than 30 years were highly correlated with four subjects older than 60 years (averaged r ϭ .967; SD ϭ .013). Furthermore, nine control subjects were highly correlated with six subjects with BPD (averaged r ϭ .967; SD ϭ .015) and nine subjects with MDD (averaged r ϭ .967; SD ϭ .015). These patterns are stable in the three brain regions. The data suggest that agonal factors introduce larger divergences of global gene expression profiles than do gender, age, or diagnoses of psychiatric disorders.
Average Correlation Index
To test the hypothesis that these wide divergences of correlation coefficients between arrays might reflect agonal factors and RNA integrity, similarity between arrays was summarized as the ACI for each of the brain regions. The ACI was calculated for each of the 40 subjects with the following steps.
Step 1: Pearson's simple correlation of expression profile, composed of 12,625 probe sets, was calculated between all 780 pairs among 40 arrays, as shown as gray-scale grids in Figure 1A. Step 2: in the correlation matrix, the average of the 39 correlations between one chip and the other 39 arrays was calculated for each array.
Step 3: an array with the lowest averaged correlation of the 40 was determined, and this lowest averaged correlation was re- . Almost all of the 24 subjects with an agonal factor score (AFS) of 0 are highly correlated (r Ͼ .94) with each other, regardless of mood disorder diagnoses. The 16 subjects with an AFS of 1 or more show lower correlations (r Ͻ .9) with most of the other subjects. This simple correlation matrix is used for calculating Average Correlation Index. The matrix is symmetrical around the diagonal line. (B) The distribution of the correlation coefficients calculated for subjects with no agonal factors (AFS ϭ 0, open bars) is different than the distribution for subjects with agonal factors (AFS Ն 1, filled bars). The individual data for the distribution of 276 correlation pairs among 24 subjects with an AFS of 0 and the correlation of 504 pairs between the 16 subjects with an AFS of 1 or more and all 40 subjects are shown in A. The mean correlation among subjects with an AFS of 0 was .968 (SD .014), whereas the correlation between subjects with an AFS of 1 or more and subjects with an AFS of 0 or subjects with an AFS of 1 or more were lower (mean .886, SD .055). There is a broad dispersion of correlations among subjects with an AFS of 1 or more, as shown in the range of correlation coefficients extending to .72. BPD, bipolar disorder; MDD, major depressive disorder.
ferred to as the ACI for this array. The array with the lowest ACI was removed from the group of 40 for the remaining calculations.
Step 4: for each remaining array, the average correlation with the other 38 arrays was recalculated.
Step 5: the lowest ACI of the 39 was determined, this array was removed from the group for the remaining calculations, and the averages of the remaining group were recalculated. Step 6: these iterative calculations (steps 2-5) for ACI were carried out until ACIs were obtained for all 40 arrays. All of these steps were performed with Excel software (Microsoft, Redmond, Washington).
The ACIs for the three brain regions of the 40 brains were calculated. The correlation coefficients between ACI and each of the following variables were calculated: AFS, brain tissue pH, RNA integrity indicators [percent(18Sϩ28S), 3Ј/5Ј ratio of GAPDH, percent present call, and degradation slope] and postmortem factors (PMI, FI). As an example, Figure 2 displays the results for anterior cingulate cortex. The ACI was significantly correlated with AFS and all of the RNA integrity indicators analyzed, whereas ACI showed no significant correlation with PMI and FI. These observations were similar in all three brain regions analyzed. Figure 3 displays the average ACI across three brain regions plotted for presence (more than 1) or absence (0) of AFS for each subject. All subjects with no agonal factors had average ACIs greater than .95, whereas of 16 subjects with an agonal factor, 15 had average ACIs of less than .95. These observations were also stable among alternative methods for data analyses. For example, different condensation programs, such as Robust Multi-Array analysis in the Affy package version 2.0 (Irizarry et al 2003) , or Spearman rank correlation.
Interestingly, AFS and brain tissue pH showed higher correlations with ACI than did the other RNA integrity indicators in three brain regions, which suggests that ACI can be a reliable indicator of the effects of agonal factors and brain acidosis on RNA integrity.
Taken together, agonal factors affect gene expression profile divergence more than do postmortem factors and other biological factors, including age, gender, and diagnoses of mood disorders. The large divergences in expression profiles influenced by agonal factors are associated with RNA degradation, which suggests that the divergence might be due to the differential vulnerability of mRNAs to degradation during the agonal phase. The postmortem factors seem to have less effect on integrities of mRNAs. After excluding subjects with specific agonal conditions, such as coma and hypoxia, or prolonged death, correlation coefficients between gene expression profiles of remaining subjects were consistently high. It might be feasible to detect relatively smaller effect size between psychiatric disorder and control groups by excluding subjects with the specific agonal conditions.
Why Does Gene Expression Divergence Seem to Be Affected More by Agonal Factors Than by Postmortem Factors?
When ribonucleases are active, the half-life of most mRNAs is on the order of a few hours (Hargrove and Schmidt 1989) . Ribonucleic acid seems to become more stable after death, with possible inactivation of its normal processes for degradation (Barton et al 1993) . It might be that catabolism of RNA is energy dependent and ceases rapidly after death, owing to a precipitous fall in adenosine triphosphate concentration (Morrison and Griffin 1981) ; or that the postmortem activity of endogenous ribonuclease inhibitors persists longer than that of the ribonuclease themselves; or that once mRNA stops being translated it is less susceptible to ribonuclease digestion (Barton et al 1993) . On the other hand, agonal factors induce brain acidosis Kingsbury et al 1995) , which might influence both gene transcription and stability of mRNAs. The activation of acid ribonuclease as a result of brain acidosis during the terminal phase might be relevant to the effect of agonal factors on RNA integrity (Albrecht and Yanagihara 1979) .
Stability of mRNA varies greatly among eukaryotic mRNAs (Hargrove and Schmidt 1989) . Messenger RNA can be degraded by a variety of pathways, and decay is directed by different cis-elements within mRNAs, such as Adenine-Uracil-rich elements and iron-responsive element (Hollams et al 2002) . Halflives of mRNA can increase or decrease in response to a variety of stimuli, including environmental factors such as hypoxia, mitogens and growth factors, hormones, and second messengers that are released by signaling cascades (Hollams et al 2002) . These differential vulnerabilities among mRNAs during the agonal phase might cause the divergence in gene expression profiles.
Variable sensitivity among cell types to agonal stress and autolysis might also affect mRNA expression profiles. Degradation of mRNA might be facilitated in cell types more vulnerable to agonal stressors. As an example, granule cells are particularly sensitive to autolysis (Netsky 1968 ). Also, it was shown that heat shock protein 70 mRNA was degraded in neurons several times more rapidly than in glia (Pardue et al 1994) .
Conclusion
Agonal factors impact RNA integrity and gene expression profiles; therefore, the similarity between microarray expression profiles is decreased by agonal factors. The postmortem factors contribute less to the RNA integrity and the expression profile similarity compared with agonal factors. The ACI is a reliable tool for measuring RNA integrity based on microarray expression profiling. When the influences of agonal factors are minimized, microarray profiling of human postmortem brain can be a viable method for detecting relatively small but reliable and validated differences in mRNA levels between psychiatric disorder and matched control groups. Figure 3 . Average Correlation Index (ACI) of the microarray chips is a sensitive and specific indicator of agonal factors. The consistency of the ACI across three brain regions (anterior cingulate cortex, dorsolateral prefrontal cortex, and cerebellum) was examined for each subject. The ACI was averaged for each subject across the three brain regions and the result plotted by presence of agonal factors (agonal factor score [AFS] Ն 1) or absence of agonal factors (AFS ϭ 0). The vertical discrimination line is set to an ACI of .95. All subjects without an agonal factor were above this cut-off (n ϭ 24), whereas 15 of 16 subjects with an agonal factor were below this ACI discrimination threshold. The ACI averaged across three brain regions was 100% sensitive to cases without agonal factors, with 93.7% specificity.
